growth of metal films with well-controlled morphology and interfacial structure on 2D crystals-including graphene and MoS2-for catalytic and nanoelectronic applications.
Thin-film growth on weakly-interacting substrates is of great technological importance for the field of catalysis [1] , architectural glazing [2] and microelectronics. [3] [4] [5] Upon condensation on a weakly-interacting surface, film-forming species self-assemble in dispersed 3D atomic islands, which impinge on each other as they grow in size. [6] This initiates a dynamic competition between island growth and coalescence leading to the so-called elongation transition; the point during growth at which the surface is predominantly covered by elongated structures. [6] This transition is crucial in determining the resulting film microstructure, while the scaling behavior of the thickness at which it occurs, , with respect to the rates of vapor deposition ] reflects the dynamics of early film-formation stages. [7] [8] [9] [10] [11] Depending on the relative rates of island growth and coalescence, two morphological evolution regimes can be established in which merging islands can either fully relax into a compact shape and thereby complete coalescence (coalescence-controlled regime) or not (coalescence-free regime). [12] [13] [14] [15] [16] Analytical models and growth simulations [12, 13, [17] [18] [19] have shown that in these two regimes the scaling laws under a continuous deposition flux read, [6, 12, 13] ≈ (1.75
3
In Eq. (1) , is the height-to-radius ratio of the islands and [ 3 ] is the atomic volume of the film species. If hemispherical islands are assumed, then = 1, while all scales can be normalized such that = 1.
To date, has not been determined experimentally, as the elongation transition is an intrinsically abstract concept if approached directly, e.g., by visual inspection of the growth surface by scanning probe microscopies. [20, 21] This casts doubt on Eqs. (1) and (2) No temperature control was applied to the substrates during deposition, i.e., growth at room temperature is assumed. For the depositions, pulsed vapor fluxes were used as they allow to identify the two coalescence-based growth regimes easier as compared to the case when deposition is performed using continuous vapor fluxes. [14] [15] [16] 22] Vapor was generated by applying power to the sputtering source at constant energy In line with previous studies [16, 22] , change of the deposition rate from to for the data in Fig. 1 (a) triggers transition from coalescence-free to coalescence-controlled growth, while the opposite transition is triggered for the data in Fig. 1 (b) . In Fig. 1 (a) , increases gradually with increasing template thickness and reaches local maxima (indicated by the vertical dashed lines) close to (horizontal dashed lines) for monolithic films grown at the corresponding = . In Fig. 1 (b into perspective, our data is also compared to values from an independent and unrelated study of Ag deposited on SiO2 by pulsed laser deposition at 313 K (red, filled circles in Fig. 1 (c) ). [16] It can be seen that the three types of transition thicknesses appear in the expected order of occurrence, beginning with elongation at the lowest thicknesses to percolation and finally continuous film formation. Moreover, the transition between coalescence-controlled and coalescence-free growth modes occur at nearly the same critical value (in the range 0.10 − 0.17 ⁄ ) for all three transition thicknesses. These two facts embody one of the main concepts in the theoretical 7 description of film growth on weakly-interacting substrates, namely that morphological features are predominantly set at the elongation transition.
To understand the origin of the features observed in the experimental results, a previously developed kinetic Monte Carlo (kMC) code was used to model our method. with our previous studies to reproduce the two coalescence growth regimes. [15, 22] Abrupt changes of at various growth stages were simulated by using pulsed atomic fluxes with instantaneous rate respectively. In a first set of simulations, growth commenced by depositing a template layer at a rate 1 , followed immediately by a top layer deposited at a rate 2 . In a second simulations set, 2 was used as the template layer deposition rate, while the top layer was deposited at 1 . In both cases, as function of the template layer thickness was calculated, while the evolution of island density versus nominal thickness, ( ), was also tracked. For the sake of brevity, the notation ⁄ is used to denote the template and top layer deposition rates when presenting the simulation results. Figure 2 shows the evolution of as a function of for the two datasets with 
followed by a wide region (II) where increases until = 3.5 , after which a narrow region (III) concludes the dataset with
. By comparing dataset 2 1 ⁄ with Fig. 1 (a) , and dataset 1 2 ⁄ with Fig. 1 (b) , we conclude that the experimental results correspond to region (II) followed by region (III) in both cases. The physical significance of the width difference of region (II) for the two datasets in Fig. 2 can be explained by plotting the island density evolution as a function of the nominal film thickness , as in the inset of Fig. 2 for the points marked A and B. For point A, the decrease of activates coalescence; this is what produces the sharp drop of at = 0.75 . Thus for 1 2 ⁄ , whenever is changed before elongation has been reached, the entire surface restructures to a morphology similar to that of the monolithic film grown at 2 , which in turn implies that always turns out as ( 2 ). Hence, we only see a change in for this dataset in Fig. 2 when exceeds
and so region (II) should ideally be infinitesimally narrow. For point B, the freezing of coalescence by increasing is seen at = 2 , where suddenly levels out with a slightly positive slope, and the elongation transition is reached shortly thereafter. This means that for the dataset 2 1 ⁄ , when is increased before elongation is reached, is a linear function of � �, and the width of region (II) depends on how well nucleation with adatoms as the only mobile species, we suggest that such a smalldependence may be caused by detachment of adatoms [29, 30] or the presence of island mobility and Smoluchowski ripening. [31] Both of these would affect the nucleation density directly, which in turn affects indirectly through the relation ∝ −½ . [15] Alternatively, this could also be caused by a change of the 3D aspect ratio-a flattening out-of the islands at high deposition rates; [32] the flatter the islands, the more they spread out and the earlier elongation would occur.
Having direct measurements of , Eqs. (1) and (2) can be used to provide estimates for and in the Ag-SiO2 material system, as such values are sparsely given in the literature. Setting Eq. (1) to be equal to the curve fit expression of in the coalescence-controlled growth regime from Fig. 1 (c) yields
Note that in the ideal case, 1 = −1 3 ⁄ and there should be no -dependence in Eq. on annealing of percolated Ag films. [33] To calculate , we may apply a similar procedure to the pulsed flux analogue of Eq. (2) for the fast nucleation regime,
where � � denotes an average of the values in the coalescence free growth mode. [40, 41] ).
In this letter, we described a method to experimentally determine the elongation transition film thickness and verified this method for deposition of pulsed Ag vapor on the -value of a function fitted to the data points. 
